Application of glyphosate (N-Iphosphonomethyll glycine) to exporting leaves of sugar beet (Beta vulgaris, L.) during the day lowered stomatal conductance and carbon fixation. Allocation of newly fixed carbon to foliar starch accumulation was nearly completely inhibited, being decreased by the same amount as net carbon fixation. In contrast, decreasing net carbon fixation in untreated leaves by lowering CO2 concentration caused starch accumulation to decrease, but only in the same proportion as net carbon fixation. Shikimate level increased 50-fold in treated leaves but the elevated rate of carbon accumulation in shikimate was only 4% of the decrease in the rate of starch accumulation. Application of steady state labeling with 14C02 to exporting leaves confirmed the above changes in carbon metabolism, but revealed no other major daytime differences in the 14C-content of amino acids or other compounds between treated and control leaves. Less 14C accumulated in treated leaves because of decreased fixation, not increased export. The present study was conducted to determine the action of glyphosate on allocation of newly fixed carbon in source leaves and on NCE2 during the first 24 h after application.
Glyphosate ([N-phosphonomethyl] glycine), a nonselective, postemergence herbicide, appears to affect a number of major processes in plants (14) . At low dose rate, glyphosate affects growth and the partitioning of carbon, without killing the plant. When applied to sugarcane at a sublethal concentration, glyphosate increases the amount of sugar stored in older stalks while lessening new growth. Sublethal treatment causes increased tillering in quackgrass (5) and wheat (3) and increased shoot proliferation in cranberry (15) . We believe that similar effects occur shortly after application of lethal doses of glyphosate.
While many previous studies dealt with effects of glyphosate that occur one or several days after application there is value to studying early effects that may reveal mechanisms of glyphosate action. Gougler and Geiger (8) observed changes in diurnal translocation patterns in sugar beet plants beginning several hours after application of glyphosate. Accumulation of foliar starch decreased without observable effects on export but partitioning of carbon among sinks was altered.
The present study was conducted to determine the action of glyphosate on allocation of newly fixed carbon in source leaves and on NCE2 during the first 24 h after application. ' Supported by grants from Monsanto Agricultural Products Co. and National Science Foundation Grant DMB-8303957 (D. R. G.).
2 Abbreviation: NCE, net carbon exchange.
MATERIALS AND METHODS
Plant Material. Experiments were conducted on 5-to 6-weekold sugar beet plants (Beta vulgaris L. Klein E multigerm) grown in 1.5 L containers in a mixture of milled peat moss, vermiculite, and sand (1:1:2, v/v). Plants were raised in an environmental chamber (I 4-h photoperiod, 25°C d and 1 7°C night) and watered three times a day with a nutrient solution as described by Snyder and Carlson (17) . Photon Labeled carbon present in the residue remaining after alcohol extraction was measured in a second set of samples after digestion for scintillation counting (9) . The label present in samples after extraction by alcohol and KOH was calculated by subtracting the label in the KOH extract following centrifugation, from the label present in these alcohol-extracted samples. This value likely included the radioactivity present in some proteins, as well as in cell-wall and other structural materials.
RESULTS
Starch Accumulation. Accumulation of foliar starch stopped 4 to 6 h after application of glyphosate (Fig. 1) 2C ). Allocation of newly fixed carbon into foliar starch was also less in glyphosate-treated leaves ( Fig. 2A) . By the end of the light period there was 150 nCi cm-2 or 60,g C cm-2 less '4C-starch.
This value is close to the difference in starch shown in Figure 1 for another set of plants and is similar to the difference in total accumulated 14C (Fig. 2C) . In contrast, there were similar amounts of labeled carbon in both the chloroform:methanolsoluble fraction (Fig. 2B ) and in the residue remaining after starch extraction (Table I) (Fig. 3B) . These data explain the smaller total amount of14C per area of leaf in glyphosate-treated leaves (TableI; Fig. 2C ). Glyphosate minus surfactant caused a similar lowering of the NCE rate while water alone had no effect (data not shown).
Stomtal (Fig. 4C) . Starch accumulation decreased (Fig. 4B ) but only in proportion to the decrease in NCE. The ratio of starch accumulation rate to NCE rate remained nearly unchanged from that of leaves in the air levelof CO2 (Fig. 4A) . In contrast, this same ratio dropped to zero as NCE decreased several hours after glyphosate treatment (Fig. 3A) .
When the concentration of CO2 supplied to treated source leaves was raised, the glyphosate-induced drop in NCE was reversed and starch accumulation was comparable to that of the control leaves (Fig. 5) .
Starch Degradation and Mobilization. During the ensuing dark period, degradation of accumulated starch occurred in both glyphosate-treated and control leaves (Fig. 1) . In treated leaves, degradation sometimes began before the end of the light period. Glyphosate lowered the amount of starch present at the end of the light period and, although starch was degraded, little or none was exported from the source leaf (Table IV) . On the other hand, when NCE was maintained in glyphosate-treated leaves, carbon derived from starch was exported at night. The level of sucrose at night was slightly lower in the glyphosate-treated leaves.
Comparison of '4C-content of different fractions during the night period revealed a decline of radioactivity in the soluble fraction of control leaves that was not observed in treated leaves (Fig. 2B) . Sucrose level was similar in both treated and control leaves (data not shown). Shikimate accumulation in glyphosatetreated plants began between 0 and 5.5 h after treatment and continued day and night following glyphosate application (Fig.  6 ). In the 24 h following application, shikimate accumulated to 325 tsg g-' fresh weight, an 80-fold increase over the level found in control leaves. (0) were obtained from the third and fourth leaves which were treated with glyphosate and for which the NCE rate was maintained at the control level by elevating CO2. Glyphosate was applied to source leaves 4 h after the light period began. For one set oftreated leaves NCE was maintained at control level by raising the CO2 level. During the 14-h light period, export was calculated from cumulative NCE minus leaf dry weight accumulation. Export at night was calculated from the change in leaf dry weight considering respiratory loss to be small by comparison. Values for each group is the mean of data for two plants followed by within several hours after application to sugar beet leaves (Fig.  1) , a result previously reported by Gougler and Geiger (8) . Steady state labeling with '4C02 throughout a light period revealed that there was less labeled carbon in treated than in control leaves (Table I ). This result is consistent with the observed decrease in stomatal conductance and NCE. The difference in '4C-content (Fig. 5) supports the likelihood that decreased NCE caused decreased starch accumulation in treated leaves.
In the present study, the drop in the NCE rate in glyphosatetreated leaves (Fig. 3) coincided with a decrease in stomatal conductance (Table II) . This pattern is in accord with previous studies that found that the major effects on photosynthesis result from mechanisms other than a direct effect on carbon pathways (4, 11, 13, 16, 18) . Shaner and Lyon (16) (Fig. 3A) and in control leaves under lowered CO2 (Fig. 4A) . In leaves treated with glyphosate, not only was NCE inhibited but the proportion of newly fixed carbon allocated to starch fell to zero while the proportion that went to sucrose increased. When NCE was decreased in control leaves by lowering CO2 concentration, accumulation of starch continued to follow the usual pattern (6) 
